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ABSTRACT
The e†ects of variations in the gas-phase carbon-to-oxygen elemental abundance ratio (0.42¹
C/O ¹ 1.2) and the absolute gas-phase carbon and oxygen elemental abundances on calculated molecu-
lar concentrations have been studied for three gas-phase chemical models of dense interstellar clouds.
Both the C and O elemental abundances were varied from their ““ low metal ÏÏ values, in which C/
O \ 0.42. The results were compared with observations of the dark interstellar clouds TMC-1 and
L134N, the latter being chosen because TMC-1, with its singularly rich component of large hydrocar-
bons and cyanopolyynes, may not represent dense cores universally. In general, variations in the gas-
phase C and O elemental abundances have a large and time-dependent e†ect on calculated molecular
concentrations for all three models. For the ““ new standard ÏÏ model, which does not contain many rapid
neutral-neutral reactions, excellent ““ early-time ÏÏ agreement with TMC-1 occurs for a variety of C/O
ratios obtained by depleting the low metal O abundance, but the time of best agreement tends to
increase with increasing C/O ratio. At these early times, B80% of the calculated abundances are within
an order of magnitude of the observed values. Agreement at this level also occurs at steady state if the C
and O abundances are Ðrst depleted by a factor of 5 and then O is additionally depleted so that C/
O º 0.80. In general, a factor of 5 depletion of both C and O increases the production efficiency of large
molecules. When the new standard model is applied to L134N, the early-time agreement is not as good
as for TMC-1 unless both C and O are Ðrst depleted by factors of 5 from their low metal values and the
C/O ratio is then maintained at a value less than 0.80. Under these conditions, the steady state results
are only slightly worse. The other two models, containing fast neutral-neutral reactions, have their best
agreement with TMC-1 when C/Oº 1, although the level of agreement is typically worse than with the
new standard model, and factor of 5 depletions have little e†ect. For L134N, on the other hand, the
early-time agreement with these latter two models for a wide range of C/O values is almost as good as
with the new standard model if factor of 5 depletions in C and O are utilized and is actually superior for
most cases when C/Oº 1. In general, the negative conclusions concerning models with rapid neutral-
neutral reactions may therefore be overly harsh. When the newly studied rapid reaction H3`] N ] NH2`] H is included in our model calculations, the abundances of some N-containing species are in better
agreement with observed values, but this e†ect decreases as C/O is increased.
Subject headings : ISM: abundances È ISM: clouds È ISM: molecules È molecular processes
1. INTRODUCTION
The extent of elemental carbon and oxygen residing in
the gas phase of interstellar clouds has been and still is of
signiÐcant interest and importance. Early measurements by
on di†use clouds showed the elements C, N,Morton (1975)
and O to be depleted by factors of 2.5È6 from solar values,
although more recent measurements on these sources (e.g.,
Noels, & Saural indicate moreGrevesse, 1996 ; Meyer 1997)
modest depletions. In dense clouds, the extent of elemental
depletion onto dust grains is still very uncertain obser-
vationally. The most popular elemental abundances used in
gas-phase models are now known as low metal abundances
Langer, & Frerking Herbst, &(Graedel, 1982 ; Leung,
Huebner Bettens, & Herbst in these, the1984 ; Lee, 1996) ;
elements C, N, and O are depleted according to Morton
while the elements S, Si, Na, Mg, Fe, P, and Cl are(1975),
far more heavily depleted Farquhar, & Willacy(Millar,
Such abundances lead to better agreement with1997).
observed molecular concentrations than the so-called high
metal abundances, in which the depletions of the heavier
elements are more minor. The best agreement for dense
clouds has generally been perceived to occur at so-called
early times, which occur between 105 and 106 yr after the
onset of the chemistry, rather than at steady state, which is
reached at times of 107È108 yr. Indeed, in the absence of an
efficient desorption mechanism for molecules adsorbed on
interstellar grains, it is difficult to see how gas-phase mol-
ecules can remain in the gas long enough for steady state
conditions to be reached. Even at early times, one expects
some depletion of gas-phase material onto the grains in cold
dense clouds Herbst, & Leung(Hasegawa, 1992).
Rather modest depletions of elemental C and O from the
gas in dense clouds have been derived by &Shalabiea
Greenberg to account for condensed phase CO and(1995)
water, while more severe depletions of B3È5 with respect to
their low metal values have been proposed recently by
et al. to boost the predicted abundances ofCaselli (1998)
complex molecules such as in steady state modelHC3Ncalculations of dense cloud cores. In agreement with Caselli
et al. et al. have shown in their models(1998), Ru†le (1997)
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that the time-dependent depletion of gaseous material onto
grains enhances the late-time abundance of In con-HC3N.trast with these examinations of depletions from the gas,
higher abundances of the element sulfur than used in low
metal values are associated with the phenomenon of
bistability, in which the di†erential equations used to model
the gas-phase chemistry lead to two stable solutions rather
than to one et al. Bistability disappears,(Lee 1998).
however, when high metal abundances are used in model
calculations.
In addition to studies concerning the e†ect on molecular
abundances of general depletions of C, O, and other ele-
ments from the gas phase, the e†ect on dense cloud molecu-
lar abundances of variations in the C/O elemental
abundance ratio has been investigated, typically by chang-
ing one of the elements from its low metal value. Recently,
et al. showed that an increase in the C/OBergin (1997)
elemental abundance ratio from 0.4 (approximately the low
metal value) to 0.8 enhances the agreement between their
early-time calculated abundances and observed values in
some giant cloud cores. In addition, et al. inPratap (1997),
their very detailed study of abundance gradients in TMC-1,
found that one method of reproducing the observed gra-
dients is to vary the C/O ratio from 0.4 to 0.5 at early time,
which is a rather small change. Previously, Lee, &Bettens,
Herbst had showed that with a C/O abundance ratio(1995)
greater than unity, large nonÈoxygen-containing molecules
could be produced efficiently even in models for which no
large molecules can be synthesized efficiently if C/O\ 0.42.
Despite all of the studies mentioned here, we are not aware
of a general study on the e†ect of changes in the C and O
elemental abundances, both equal and unequal, on calcu-
lated molecular abundances in time-dependent gas-phase
models. Such a study might help to constrain the extent of
depletions of C and O in dense clouds, since this extent is
clearly poorly determined. Possible excess depletion of O
onto grains, compared with C, can be caused by chemical
conversion of adsorbed O into ice, which essentially
remains on the surface ; while methane, the saturated form
of C, is more likely to return to the gas et al.(Bergin 1997).
In this paper, we examine the e†ect of such changes on
calculated molecular abundances in three of our large
model networksÈthe new standard model, the new neutral-
neutral model, and model 4 et al. The Ðrst(Bettens 1995).
model does not contain rapid neutral-neutral reactions to
the extent of the latter two. We are concerned with two
types of depletions : Ðrst, relatively small changes in either
the carbon or the oxygen elemental abundance resulting in
a change in the C/O ratio from the low metal value of 0.42
through 1.2 and, secondly, a relatively large but equal
depletion of a factor of 5 in the C and O elemental abun-
dances, followed by the same variation in C/O without the
general depletion. Our research has not been focused on the
performance of the models for individual species, but rather
on the overall agreement for all species detected in two
rather distinct and well-studied dark interstellar clouds :
TMC-1 and L134N. Detailed results as a function of time
and density are given by et al. for low and highLee (1996)
metal abundances at two temperatures. Initially we evalu-
ated our results by comparison with the many molecular
abundances measured in TMC-1 because this cloud was
considered to be a ““ typical ÏÏ dark cloud. However, it is
becoming reasonably clear that TMC-1, especially TMC-1
(cyanopolyyne peak), is unique among dense cloud cores in
its high abundances of complex molecules (see, e.g., Caselli
et al. et al. In addition to TMC-1, we1998 ; Pratap 1997).
therefore chose another well-studied dark cloudÈL134NÈ
for comparison.
Our approach prevents us from being biased while choos-
ing the species of interest. For example, our calculations
show cases of signiÐcant underproduction of methanol and
acetaldehyde, which we might not notice if we were choos-
ing only nonÈoxygen-containing species for study. A pos-
sible problem with our approach is the blending of results
for many species so as to lose detailed information on the
behavior of certain classes of molecules, which we try to
avoid by separating the species into groups.
While our study was progressing, we learned of a new
experimental measurement et al. on the reac-(Scott 1997a)
tion
H3` ] N ] NH2` ] H , (1)
which showed the reaction to be rapid at room temperature,
as opposed to previous theoretical studies DeFrees,(Herbst,
& McLean which indicated a negligible rate. We1987),
have neglected any possible temperature dependence and
have incorporated this rapid reaction (k \ 4.5] 10~10 cm3
s~1) into our model networks so that we can report on its
signiÐcance. We expect this reaction to improve the effi-
ciency of the production of ammonia, since the product ion
is converted into by successive reactions with molecu-NH4`lar hydrogen and is assumed to react dissociativelyNH4`with electrons to produce ammonia. A preliminary assess-
ment of the e†ect of has already been madereaction (1)
Freeman, & McEwan(Scott, 1997b).
In the next section, we describe the reaction networks and
the sets of elemental abundance used for our calculations.
This is followed by the results we obtained and their inter-
pretation.
2. MODELS
The models used are actually modiÐcations of the new
standard model (hereafter NSM), the new neutral-neutral
model (hereafter NNNM), and model 4 (hereafter M4), as
described by et al. In the models, the rateBettens (1995).
coefficient for the reaction between HOC` and has beenH2updated according to & Woon while a newHerbst (1996),
temperature-dependent rate coefficient for the neutral-
neutral reaction of O and OH has been adopted &(Smith
Stewart In addition, the product branching fractions1994).
for the dissociative recombination reactions involving
and electrons have been changedH2O`, H3O`, CH3`,according to the storage ring experimental results per-
formed by et al. An analogousVejby-Christensen (1997).
storage ring experiment for with electrons gives aH3`product ratio of 73% for the 3H channel and 27% for the
channel et al. with an overall rateH2] H (Larsson 1996)coefficient of 1.12] 10~7(T /300)~0.65 cm3 s~1 (M. Larsson
1997, private communication) ; these values have been used
in the models.
A major modiÐcation has been made to model M4. This
model is distinguished from the NNNM by the removal of









between carbon clusters with n [ 2 and reactive atoms. The
only evidence, pro or con, concerning the rates of these
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reactions has been obtained theoretically by &Woon
Herbst who calculated the rate for the reaction(1996),
between O and at low temperatures to be slow becauseC3of an activation energy barrier. The ground electronic states
of the linear carbon clusters with an even number of carbon
atoms have triplet multiplicity, however, and are, in general,
expected to be more reactive than the carbon clusters with
an odd number of carbon atoms, which possess singlet
ground states. We have therefore set the rate coefficients for
the above reactions back to the NNNM values of
k \ 1.0] 10~10 cm3 s~1 for n \ 4, 6, and 8. The modiÐed
M4 model, hereafter referred to as M4M, is expected to be
less efficient in the production of complex molecules than
M4 because, in general, neutral-neutral reactions of types
and hinder molecular synthesis.(2) (3)
The temperature used in all model calculations is T \ 10
K, as suggested by the most recent temperature determi-
nations in TMC-1 et al. and by the com-(Pratap 1997)
pilation of dense core data by et al. The totalCaselli (1998).
hydrogen density has been assumed to be nH \ 2n(H2)] n(H)\ 2 ] 104 cm~3, and the visual extinction has been
assumed to be large enough that external photons play no
role in the chemistry. Except for the C and O elemental
abundances, low metal abundances have been used et(Lee
al. The initial form for hydrogen is the neutral mol-1997).
ecule the initial form for oxygen, nitrogen and helium isH2 ;the neutral atom; and for all other elements the initial form
is the singly ionized atom. A standard cosmic-ray ionization
rate f of 1.3] 10~17 s~1 for has been utilized. UnderH2these conditions, no bistability was observed. Higher
cosmic-ray ionization rates and gas densities have been
inferred by et al. for TMC-1 and by etPratap (1997) Caselli
al. for a variety of dense cloud cores. In the work of(1998)
et al. a density about a factor of 4 higher isPratap (1997),
used for TMC-1 at the cyanopolyyne peak. At steady state,
it can be shown that density and cosmic-ray ionization rate
scale such that the calculated abundances are a function
only of their ratio. The e†ect of the higher ionization rates is
thus canceled by higher gas densities et al.(Lee 1998).
In order to study the e†ects of changes in the C and O
elemental abundances, we have used the sets of elemental
abundances shown in In this table, set 1 representsTable 1.
the standard low metal (or high metal) values for C and O.
Sets 2È5 represent successive depletions of O such that C/O
reaches a high value of 1.2 by set 5. Sets 6È9 represent
TABLE 1
CARBON AND OXYGEN ELEMENTAL ABUNDANCES
WITH RESPECT TO H
Set Oxygen Carbon C/O
1 . . . . . . . . . . . . . 1.76E[4a 7.30E[5a 0.42a
2 . . . . . . . . . . . . . 1.22E[4 7.30E[5 0.60
3 . . . . . . . . . . . . . 9.13E[5 7.30E[5 0.80
4 . . . . . . . . . . . . . 7.30E[5 7.30E[5 1.0
5 . . . . . . . . . . . . . 6.08E[5 7.30E[5 1.2
6 . . . . . . . . . . . . . 1.76E[4 1.06E[4 0.60
7 . . . . . . . . . . . . . 1.76E[4 1.41E[4 0.80
8 . . . . . . . . . . . . . 1.76E[4 1.76E[4 1.0
9 . . . . . . . . . . . . . 1.76E[4 2.11E[4 1.2
10 . . . . . . . . . . . . 3.52E[5 1.46E[5 0.42
11 . . . . . . . . . . . . 2.43E[5 1.46E[5 0.60
12 . . . . . . . . . . . . 1.83E[5 1.46E[5 0.80
13 . . . . . . . . . . . . 1.46E[5 1.46E[5 1.0
14 . . . . . . . . . . . . 1.22E[5 1.46E[5 1.2
a Low and high metal value.
successive increases of C from set 1 until the C/O ratio
again reaches 1.2. In set 10, the low metal C and O elemen-
tal abundances are each depleted by a factor of 5 so that the
C/O ratio remains at 0.42 ; additional depletions of O are
represented by sets 11È14 as the C/O ratio is raised to 1.2.
In general, the results using sets 6È9 are worse than those
using sets 2È5, and we do not report the former results in
any detail.
The depletions from standard elemental abundances used
here should not be confused with dynamic depletions that
occur in gas-grain models. In these latter models (see, e.g.,
et al. depletion of material from the gas occursRu†le 1997),
continuously, and, in the absence of an efficient desorption
mechanism, the gas phase will eventually be totally depleted
of heavy species, although the depletion of some gas-phase
species can temporarily enhance the abundances of others.
3. RESULTS
To compare our calculated abundances with observed
abundances in TMC-1 and in L134N, we used the param-
eter where is the number of species withNagree/Ntotal, Nagreecalculated abundances within 1 order of magnitude of the
observed abundances and is the total number ofNtotalspecies detected in the cloud et al. This(Bettens 1995).
global approach is complementary to the detailed approach
of et al. in which detailed abundances andPratap (1997),
abundance gradients for 13 molecules in TMC-1 were
studied observationally and theoretically. We sometimes
refer to the parameter as the molecular pro-Nagree/Ntotalduction efficiency. A list of the observed species in TMC-1
and L134N with their abundances (with respect to thatH2)we used in our comparison is given in The TMC-1Table 2.
abundances are peak values. Detailed abundances and
abundance variations with respect to HCO` have been
provided by et al. for 13 species, but theirPratap (1997)
degree of detail exceeds the purpose of our study here. To
help elucidate some of our results, the species in each cloud
were divided into four groups using the following rules.
First, all the species containing sulfur atoms constitute the S
group. Secondly, of the remaining species, those containing
nitrogen atoms constitute the N group. Thirdly, of the
species still remaining, those containing oxygen atoms form
the O group. Finally, the remainder, which consist of
carbon clusters and hydrocarbons, constitute the C group.
For example, and OCS belong to the S group, whileSO2is in the O group. The molecules in TMC-1 andH2COL134N in each group are listed in Table 3.
Before discussing the e†ect of varying the C and O ele-
mental abundances, let us consider the e†ect of reaction (1).
In we list the ratios at selected times of calculatedTable 4
abundances for molecules obtained with the addition of the
new reaction to those obtained without this rapid reaction.
includes only those species that change in abun-Table 4
dance by an order of magnitude or more at at least one
time. In the calculation, the NSM was used with the stan-
dard low metal set of elemental abundances. It can be seen
that the included molecules, which all contain nitrogen, all
increase in abundance. The largest e†ect occurs at a time of
1 ] 106 yr, when some concentrations, such as that of
ammonia, rise by 2 orders of magnitude or more. A com-
parison between the results for di†erent C/O ratios shows
that with increasing C/O, the e†ects of decrease.reaction (1)
Although the inclusion of enhances the abun-reaction (1)
dances of nitrogen-containing molecules, especially for low
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TABLE 2
FRACTIONAL OF SPECIES OBSERVED IN TMC-1 AND L134NABUNDANCESa
WITH RESPECT TO H2
Species TMC-1 L134N Species TMC-1 L134N
C2 . . . . . . . . . . . . . 5E[8 . . . CH . . . . . . . . . . . . . 2E[8 1E[8CN . . . . . . . . . . . . 3E[8 3E[9 CO . . . . . . . . . . . . . 8E[5 8E[5
CS . . . . . . . . . . . . . 1E[8 1E[9 NO . . . . . . . . . . . . . 3E[8 6E[8
OH . . . . . . . . . . . . 3E[7 8E[8 SO . . . . . . . . . . . . . . 5E[9 2E[8
C2H . . . . . . . . . . . 5E[8 5E[8 C2S . . . . . . . . . . . . . 8E[9 6E[10C2O . . . . . . . . . . . 6E[10 . . . H2S . . . . . . . . . . . . 5E[10 8E[10HCN . . . . . . . . . . 2E[8 4E[9 HNC . . . . . . . . . . . 2E[8 6E[9
OCS . . . . . . . . . . . 2E[9 2E[9 SO2 . . . . . . . . . . . . 1E[9 4E[9C3H . . . . . . . . . . . 5E[10 3E[10 C3N . . . . . . . . . . . . 1E[9 2E[10C3O . . . . . . . . . . . 1E[10 5E[11 C3S . . . . . . . . . . . . . 1E[9 2E[10H2CO . . . . . . . . . 2E[8 2E[8 H2CS . . . . . . . . . . 3E[9 6E[10NH3 . . . . . . . . . . . 2E[8 2E[7 CH2CN . . . . . . . . 5E[9 1E[9CH2CO . . . . . . . 1E[9 7E[10 C3H2 . . . . . . . . . . . 3E[8 2E[9C4H . . . . . . . . . . . 2E[8 1E[9 HCOOH . . . . . . 2E[10 3E[10HC3N . . . . . . . . . 6E[9 2E[10 CH3CN . . . . . . . . 1E[9 1E[9C4H2b . . . . . . . . . 1E[9 . . . C5H . . . . . . . . . . . . 3E[10 . . .CH3OH . . . . . . 2E[9 3E[9 CH3CHO . . . . . . 6E[10 6E[10C2H3CN . . . . . . 2E[10 1E[10 C3H4 . . . . . . . . . . . 6E[9 1E[9C6H . . . . . . . . . . . 1E[10 . . . HC5N . . . . . . . . . . 3E[9 1E[10C6H2b . . . . . . . . . 5E[11 . . . CH3C3N . . . . . . . 5E[10 . . .CH3C4H . . . . . . 2E[10 . . . HC7N . . . . . . . . . . 1E[9 2E[11HC9N . . . . . . . . . 3E[10 . . . HCO` . . . . . . . . . 8E[9 8E[9HCS` . . . . . . . . . 6E[10 6E[11 N2H` . . . . . . . . . . 5E[10 5E[10HCNH` . . . . . . 2E[9 3E[9 . . . . . . . . .
Irvine, & Kaifu unless otherwise noted.a Ohishi, 1992
et al.b Langer 1997.
C/O ratios, it is not clear that this enhancement will result
in better agreement between theory and observation in a
global sense. The e†ect on the comparison between model
and observation is shown in where the parameterFigure 1,
is plotted versus time for TMC-1 using sixNagree/Ntotalmodels run with the standard C and O abundances (set 1).
The six models are the NSN, M4M, and NNNM, run both
with and without One can see in this Ðgure thatreaction (1).
the inclusion of never worsens the global agree-reaction (1)
ment and, more so at steady state than at early time, tends
to improve things considerably. For example, the parameter
increases at steady state for the NSM from 0.23Nagree/Ntotalto 0.32, which means that four additional molecules reach
the 1 order of magnitude criterion. These molecules are CN,
HCN, HNC, and The last one does not contain N, butC3H.
its abundance increases slightly, which is enough to satisfy
the 1 order of magnitude criterion. With the standard C and
O elemental abundances, however, only the NSM at early
time is in very good global agreement with observation
In the rest of the paper, all results are(Nagree/NtotalB 0.8).based on data obtained using a rate coefficient of
4.5] 10~10 cm3 s~1 for reaction (1).
Our major results showing the general comparison
between model and observation as a function of C and O
elemental abundances are shown on a series of Ðgures.
Figures refer to the agreement between models NSM,2È5
M4M, and NNNM, with observations in TMC-1, while
Figures refer to the agreement between these models6È9
and observations in L134N. In Figures and Figures2È4 6È8,
the molecular production efficiency is given as a stacked
TABLE 3
SEPARATION OF THE SPECIES INTO GROUPS
CARBON GROUP OXYGEN GROUP NITROGEN GROUP SULPHUR GROUP
TMC-1 L134N TMC-1 L134N TMC-1 L134N TMC-1 L134N
C2 CH CO CO CN CN CS CSCH C2H OH OH NO NO SO SOC2H C3H C2O C3O HCN HCN C2S C2SC3H C3H2 C3O H2CO HNC HNC H2S H2SC3H2 C4H H2CO CH2CO C3N C3N OCS OCSC4H C3H4 CH2CO HCOOH NH3 NH3 SO2 SO2C4H2 HCOOH CH3OH CH2CN CH2CN C3S C3SC5H CH3OH CH3CHO HC3N HC3N H2CS H2CSC3H4 CH3CHO HCO` CH3CN CH3CN HCS` HCS`C6H HCO` C2H3CN C2H3CNC6H2 HC5N HC5NCH3C4H CH3C3N HC7NHC7N N2H`HC9N HCNH`N2H`HCNH`
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TABLE 4
RATIOS OF CALCULATED ABUNDANCES WHEN REACTION
(1) IS INCLUDED TO WHEN IT IS OMITTED
Species 1.0E5 yr 1.0E6 yr 1.0E8 yr
NH . . . . . . . . . . . . . . . 5.18E0 7.36E1 7.17E0
HNO . . . . . . . . . . . . . 1.40E1 1.21E2 7.01E0
N2O . . . . . . . . . . . . . . 1.17E1 5.71E1 3.08E0NO2 . . . . . . . . . . . . . . 1.41E1 1.31E2 9.30E0NH3 . . . . . . . . . . . . . . 1.34E1 1.25E2 7.29E0NH2CN . . . . . . . . . . 1.47E1 5.23E2 1.66E1CH5N . . . . . . . . . . . . 1.22E1 1.37E2 7.36E0NH2` . . . . . . . . . . . . . 1.46E1 1.12E2 6.94E0C2N2` . . . . . . . . . . . . 1.33E0 4.28E1 6.79E0H2NO` . . . . . . . . . . 1.35E1 1.29E2 7.03E0NH3` . . . . . . . . . . . . . 1.45E1 1.08E2 6.81E0SiNCH` . . . . . . . . . 6.48E0 2.41E1 5.28E0
NH4` . . . . . . . . . . . . . 1.43E1 1.21E2 6.96E0CH4N` . . . . . . . . . . 1.25E1 1.32E2 7.15E0CH5N` . . . . . . . . . . 1.14E1 1.19E2 6.83E0CH6N` . . . . . . . . . . 1.25E1 1.32E2 7.15E0HNC . . . . . . . . . . . . . 1.24E0 1.02E1 3.51E0
HNSi . . . . . . . . . . . . . 4.85E0 2.24E1 4.98E0
NH2 . . . . . . . . . . . . . . 1.42E1 1.21E2 7.07E0SiNC . . . . . . . . . . . . . 6.43E0 2.33E1 5.34E0
CH3N . . . . . . . . . . . . 1.24E1 1.35E2 7.36E0C3H3N . . . . . . . . . . . 1.27E0 1.23E1 4.78E0HNC` . . . . . . . . . . . 1.36E1 4.10E2 1.53E1
NO2` . . . . . . . . . . . . . 6.93E0 1.62E1 6.54E0H2NC` . . . . . . . . . . 1.41E0 4.15E1 5.91E0HNCO` . . . . . . . . . 1.24E0 1.10E1 3.55E0
PNH2` . . . . . . . . . . . 1.25E1 1.04E2 6.62E0SiNH2` . . . . . . . . . . . 6.55E0 2.22E1 4.83E0PNH3` . . . . . . . . . . . 1.26E1 1.37E2 7.36E0NH2CNH` . . . . . . 1.41E1 5.58E2 1.64E1C3H4N` . . . . . . . . . 1.21E0 1.30E1 4.72E0
NOTEÈThe ratios are given only for species with abun-
dance changes of more than 1 order of magnitude at some
time. The C and O elemental abundances used for the
calculation are the standard ones ; see set 1 in Table 1.
column versus the C/O ratio. Each column, in turn, consists
of an accumulation of four shares, given in di†erent shades
of gray, and each share gives the partial molecular pro-
duction efficiency due to one of the four groups of molecules
deÐned above. A legend on the right part of the graph
shows the exact correspondence between the groups and
the colors used. The maximum possible value for the pro-
duction efficiency is 1, which denotes 100% agreement with
the observations, using the order-of-magnitude criterion.
The maximum contribution of each group of molecules
detected in a cloud can be viewed in the reference bar, which
is the last column to the right. Additionally, the data on
each Ðgure are separated into sections by vertical lines. The
general depletion, if any, from the standard abundances
used in the calculation is given in the upper part of each
section by either the number 1 (no general depletion) or the
number 5 (factor of 5 depletion for both C and O). Put in
another manner, the columns represented by an equal
depletion of 1 are obtained using sets 1È5 in whileTable 1,
those represented by an equal depletion of 5 are obtained
using sets 10È14 in The Ðrst two sections to the leftTable 1.
of each of the Figures and Figures give the results at2È4 6È8
a best early (preÈsteady state) time, while the next two are
for steady state, as indicated at the top of the sections. If
there is no best solution time signiÐcantly before steady
state, i.e., the best solution lies at or very near steady state,
then the relevant column under ““ best early time ÏÏ is left
blank. The exact values for the best early times are listed in
the Ðgure captions.
In order to study the synthesis of complex molecules as a
separate issue independently from the group separation in
we have deÐned a so-called complex group of mol-Table 3,
ecules for each cloud, which includes all of the species con-
taining four or more atoms (28 in the case of TMC-1 and 21
in the case of L134N). We realize that this is not the only
criterion for complexity because some fairly simple hydro-
genated species (e.g., end up being classiÐed inH2CO, NH3)this group. Also, the two complex groups are not the same
because of the di†erence in the species observed in the two
clouds. Some results for the complex group of species
detected in TMC-1 are represented in whileFigure 5, Figure
contains results for the complex group in L134N. In these9
Ðgures, the best agreement for complex species is shown for
all three models, for two equal C and O depletion factors of
1 and 5, and for Ðve di†erent C/O ratios.
In addition to Figures we have listed selected calcu-2È9,
lated molecular abundances in for eight runs, num-Table 5
bered 1È8. These runs, involving all three model networks,
have been chosen to illustrate the e†ects that reaction
network, time, and depletions have on the calculated molec-
ular abundances. The parameters for each run are listed in
while the speciÐc runs are discussed in the nextTable 6,
section.
4. DISCUSSION
In the discussion section, we discuss our results by cloud,
considering TMC-1 Ðrst.
4.1. TMC-1
Among the models, the NSM gives the best agreement
with observed abundances in TMC-1. A glance at Figure 2
shows B80% agreement with this model, using the molecu-
lar production efficiency criterion, for a wide range of C and
O elemental abundances. The best early-time solutions
show generally good agreement among the four molecular
groups in for ““ global ÏÏ depletions of 1 and 5 and forTable 3
all C/O ratios for which such solutions can be distinguished
from steady state solutions. These early-time solutions are
closest to those obtained by et al. who usedPratap (1997),
the standard low metal C/O value but showed that a slight
increase to 0.5 could account for the abundance variations
seen in the 13 studied molecules. For the standard C/O
value (set 1) we Ðnd, additionally, that all of the species have
calculated abundances within 2 orders of magnitude from
the observed values at a best time of 3.2 ] 105 yr, which is
not the case for other elemental abundance ratios and times.
This unique set of calculated abundances is given in Table 5
in the run 1 column. The best time is obviously not best for
all molecules. As can be seen in the calculatedTable 5,
abundances of truly complex cyanopolyynes are rather low;
these species tend to have higher values at still earlier times.
Distinguishing between early time and steady state becomes
more difficult with an increasing C/O ratio, since the best
early time tends to increase with an increasing C/O ratio, as
depicted in At steady state, with no global deple-Figure 10.
tion, agreement is best for C/O\ 1.0 and actually worsens
as C/O increases from this value, because of overproduction
of species in the N group. Such overproduction can be sup-
pressed by a consideration of grain adsorption, which
would, however, worsen the agreement for other molecules
currently not overproduced. A global depletion of a factor
of 5 at steady state improves the agreement with obser-
vation for almost all C/O values to B75%. Only for the
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FIG. 1.ÈMolecular production efficiency based on the agreement between the results of six models and observed abundances in TMC-1, is(Nagree/Ntotal),plotted vs. time for C/O \ 0.42 (elemental abundance set 1 in The designations ““ old ÏÏ and ““ new ÏÏ refer to models without and withTable 1). reaction (1).
standard value of C/O \ 0.42 is the agreement signiÐcantly
worse than this, mainly because the C group of molecules
(the carbon clusters and hydrocarbons) is synthesized so
inefficiently. Thus, if one is willing to accept a general deple-
tion of 5 for C and O and a C/O ratio [ 0.42, it is no longer
obvious that TMC-1 can only be represented well by early-
time solutions. This point has previously been noted by
et al. in a discussion limited to A con-Ru†le (1997) HC3N.trary conclusion concerning was reached byHC3N Caselliet al. but this paper only reported on models with(1998),
equal depletions of C and O from their low metal values.
The early-time and steady state abundances for the case of
C/O \ 0.80 with a common depletion of 5 are listed in the
run 2 and run 3 columns in respectively.Table 5,
Although we have seen that the NSM results are in very
good agreement with observed TMC-1 abundances for a
variety of times and C and O elemental abundances, some
species are strongly and chronically underproduced. Acetal-
dehyde is one such species ; its calculated abundance typi-
cally lies 3 orders of magnitude lower than the observed
one. The calculated underabundance of this and other
oxygen-containing organic species, found typically in
““ dense cores,ÏÏ suggests strongly either that they are pro-
duced by a still undetermined gas-phase synthesis or that,
even in a dark cloud such as TMC-1, desorption of mol-
ecules from grains plays some role in molecular synthesis.
When model M4M is utilized with standard elemental
abundances, only about half of the species detected in
TMC-1 have their calculated abundances within 1 order of
magnitude from the experimental ones at early time, as can
be seen in At steady state, the molecular pro-Figure 3.
duction efficiency drops to 25%, with essentially no mol-
ecules from the C group and only the small molecules from
the N group in agreement with observation. For example,
the calculated abundances of CH2CN, C2H3CN, HC5N,and others are more than 3 orders ofHC7N, HC9N, C6H,magnitude lower than observed for most times. The nega-
tive e†ect of rapid neutral-neutral reactions on the synthesis
of larger molecules has been well documented for standard
elemental abundances et al. A depletion of 5(Bettens 1995).
for both C and O results in some improvement at both early
time and, less obviously, at steady state. An increase in the
C/O abundance ratio is helpful for general depletions of
both 1 and 5, especially at steady state. This improvement
does not extend to the O-containing molecules methanol
and acetaldehyde nor to the S-containing molecule AtSO2.best, a molecular production efficiency of B70% can be
achieved ; this occurs for C/O\ 1.2 at early time.
FIG. 2.ÈMolecular production efficiency for the molecules observed in TMC-1, obtained with the NSM. Each vertical bar is an accumulation for the four
groups of molecules studied and, as a whole, gives the overall production efficiency as a function of C/O elemental abundance ratio and general depletion
factor for C and O. A reference bar shows the maximum possible contribution from each group, which would give an overall production efficiency of 1. The
best early times (yr) referred to are 3.2 (5), 3.2 (5) to 5.6 (5), 3.2 (6) for C/O \ 0.42, 0.60, 0.80, respectively, and no depletion ; and 1.8 (5), 1.8 (5), 3.2 (5), 3.2 (5),
and 3.2 (6) for C/O\ 0.42, 0.60, 0.80, 1.0, respectively, and a depletion of 5.
FIG. 3.ÈSame as except obtained with the M4M. The best early times (yr) referred to are 1.0 (5) to 1.8 (5), 3.2 (5), 5.6 (4), 3.2 (4) and 1.0 (5) and 1.8 (5)Fig. 2,
for C/O \ 0.42, 0.60, 0.80, 1.0, 1.2, respectively, and no depletion ; and 1.8 (4), 1.8 (4) and 5.6 (4), 5.6 (4), 1.8 (4) and 5.6 (4) and [3.2 (5), 1.8 (5) to 5.6 (5) for
C/O \ 0.42, 0.6, 0.80, 1.0, 1.2, respectively, and a depletion of 5.
FIG. 4.ÈSame as except obtained with the NNNM. The best early times (yr) referred to are 1.0 (5), 1.8 (5), 1.8 (5), 3.2 (5), 3.2 (5) for C/O\ 0.42, 0.60,Fig. 2,
0.80, 1.0, 1.2, respectively, and no depletion ; and 3.2 (4), 1.0 (5) to 1.8 (5), 1.8 (5), [1.0 (6), 5.6 (5) for C/O\ 0.42, 0.60, 0.80, 1.0, 1.2, respectively, and a depletion
of 5.
FIG. 5.ÈBest complex molecular production efficiencies for the molecules observed in TMC-1, obtained with the NSM, M4M, and NNNM, for assorted
C/O values (given in di†erent shades of gray) and common depletions of 1 and 5 for C and O. The best agreement times are early times except for the richest
C/O ratios for the NSM.
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FIG. 6.ÈMolecular production efficiency for the molecules observed in L134N, obtained with the NSM. Each vertical bar is an accumulation for the four
groups of molecules studied and, as a whole, gives the overall production efficiency as a function of C/O elemental abundance ratio and general depletion
factor for C and O. A reference bar shows the maximum possible contribution from each group, which would give an overall production efficiency of 1. The
best early times (yr) referred to are 5.6 (5), 5.6 (5), 3.2 (6), [5.6 (5) for C/O\ 0.42, 0.60, 0.80, 1.0, respectively, and no depletion ; and 3.2 (5), [5.6 (5), 5.6 (5) and
[1.8 (6), 5.6 (5), [1.0 (6) for C/O\ 0.42, 0.60, 0.8, 1.0, 1.2, respectively, and a depletion of 5.
FIG. 7.ÈSame as except obtained with the M4M. The best early times (yr) referred to are 1.8 (5) to 3.2 (5), 1.8 (5), 1.0 (5) to 5.6 (5), 1.8 (4) to 1.0 (5), 5.6Fig. 6,
(4) for C/O\ 0.42, 0.60, 0.80, 1.0, 1.2, respectively, and no depletion ; and 5.6 (4) to 1.8 (5), 3.2 (5) to 5.6 (5), 5.6 (5), 3.2 (5), 5.6 (4) to 1.8 (5) for C/O\ 0.42, 0.60,
0.80, 1.0, 1.2, respectively, and a depletion of 5.
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FIG. 8.ÈSame as except obtained with the NNNM. The best early times (yr) referred to are 1.8 (5), 1.8 (5) to 3.2 (5), 1.8 (5) to 3.2 (5), 3.2 (5), 1.8 (5) forFig. 6,
C/O \ 0.42, 0.60, 0.80, 1.0, 1.2, respectively, and no depletion ; and 5.6 (4), 1.0 (5), 5.6 (4), 5.6 (5), 1.8 (5) for C/O\ 0.42, 0.60, 0.80, 1.0, 1.2, respectively, and a
depletion of 5.
FIG. 9.ÈSame as except for L134N. The best agreement times are all early times.Fig. 5,
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TABLE 5
CALCULATED FRACTIONAL ABUNDANCES OF SPECIES OBSERVED IN TMC-1 AND L134N WITH RESPECT TO H2
RUN a
SPECIES 1 2 3 4 5 6 7 8
C2 . . . . . . . . . . . . . . 6.0E[09 4.7E[08 9.7E[08 8.8E[11 1.5E[09 6.3E[09 3.2E[09 3.1E[08CH . . . . . . . . . . . . . 9.1E[10 6.6E[09 7.0E[09 1.8E[11 1.6E[09 3.4E[09 1.5E[09 7.6E[09
CN . . . . . . . . . . . . . 5.5E[08 4.8E[07 2.9E[07 3.6E[09 6.3E[09 1.4E[08 9.0E[09 5.5E[08
CO . . . . . . . . . . . . . 1.4E[04 2.1E[05 2.4E[05 2.9E[05 2.5E[05 1.6E[05 2.8E[05 1.7E[05
CS . . . . . . . . . . . . . . 4.2E[09 6.5E[09 7.6E[09 2.6E[10 7.4E[10 1.9E[09 1.4E[09 5.3E[09
NO . . . . . . . . . . . . . 5.6E[08 7.8E[08 6.2E[08 1.7E[07 1.5E[07 7.4E[08 5.6E[08 3.9E[08
OH . . . . . . . . . . . . . 5.8E[09 2.1E[08 2.1E[08 1.2E[08 2.4E[08 2.2E[08 2.1E[08 2.0E[08
SO . . . . . . . . . . . . . . 1.8E[09 1.6E[09 1.3E[09 2.2E[08 2.7E[09 6.8E[10 7.6E[10 3.0E[10
C2H . . . . . . . . . . . . 8.6E[09 3.5E[08 2.3E[08 1.9E[10 8.5E[10 1.8E[09 1.1E[09 5.4E[09C2S . . . . . . . . . . . . . 1.2E[09 8.0E[10 7.1E[10 2.9E[11 3.2E[10 1.8E[10 1.2E[10 3.3E[10C2O . . . . . . . . . . . . 8.5E[11 1.9E[11 2.0E[11 1.8E[12 2.0E[10 1.3E[10 8.2E[11 6.6E[11H2S . . . . . . . . . . . . 3.9E[11 2.3E[10 3.0E[10 4.6E[11 1.9E[10 1.6E[10 1.9E[10 2.6E[10HCN . . . . . . . . . . . 5.1E[08 4.6E[07 2.0E[07 5.4E[09 2.8E[08 6.5E[08 1.9E[08 1.1E[07
HNC . . . . . . . . . . . 2.8E[08 4.0E[07 1.8E[07 5.5E[09 3.0E[08 5.2E[08 1.9E[08 9.0E[08
OCS . . . . . . . . . . . . 1.2E[09 8.3E[10 4.3E[10 2.0E[10 1.4E[10 2.3E[10 7.3E[11 2.2E[10
SO2 . . . . . . . . . . . . 3.3E[10 2.9E[11 1.4E[11 5.3E[09 5.6E[11 1.2E[11 6.6E[12 2.4E[12C3H . . . . . . . . . . . . 5.5E[09 4.3E[09 4.8E[09 2.0E[11 1.9E[09 2.9E[09 1.1E[09 7.3E[09C3N . . . . . . . . . . . . 4.5E[09 2.4E[08 1.4E[08 2.0E[11 1.0E[09 1.1E[09 3.6E[10 2.7E[09C3O . . . . . . . . . . . . 5.2E[11 1.2E[11 1.7E[11 2.2E[13 7.9E[10 7.4E[10 3.3E[10 8.0E[10C3S . . . . . . . . . . . . . 1.9E[10 1.5E[10 1.5E[10 6.1E[13 1.1E[10 2.9E[11 2.0E[11 5.8E[11H2CO . . . . . . . . . . 2.5E[08 6.0E[09 6.8E[09 2.3E[09 9.2E[09 6.7E[08 1.3E[08 4.4E[08H2CS . . . . . . . . . . 1.4E[09 5.9E[10 4.2E[10 1.3E[10 8.0E[11 2.9E[10 1.7E[10 5.6E[10NH3 . . . . . . . . . . . . 8.2E[08 1.9E[07 1.9E[07 2.3E[07 5.0E[07 4.8E[07 1.8E[07 4.5E[07CH2CN . . . . . . . . 9.2E[09 2.6E[08 6.4E[09 5.6E[11 6.3E[12 1.0E[10 1.4E[11 3.3E[10CH2CO . . . . . . . . 9.3E[09 1.4E[09 5.3E[10 2.3E[10 1.9E[10 1.3E[09 8.3E[11 5.7E[10C3H2 . . . . . . . . . . . 5.2E[09 5.4E[09 6.6E[09 2.6E[11 8.6E[09 1.2E[09 8.8E[10 2.3E[09C4H . . . . . . . . . . . . 8.0E[09 8.7E[09 6.8E[09 5.5E[12 7.0E[10 4.2E[10 1.7E[10 1.5E[09HCOOH . . . . . . 3.6E[09 6.1E[10 4.5E[10 3.0E[09 4.8E[10 3.0E[10 2.8E[10 1.6E[10
HC3N . . . . . . . . . . 2.2E[08 5.8E[08 3.5E[08 1.1E[10 5.4E[10 5.6E[10 1.1E[10 1.7E[09CH3CN . . . . . . . . 5.0E[10 5.5E[09 1.4E[09 1.3E[12 3.7E[11 1.3E[09 4.0E[11 2.3E[09C4H2 . . . . . . . . . . . 4.2E[09 5.0E[10 6.5E[10 3.4E[11 3.0E[10 7.9E[11 3.2E[11 2.3E[10C5H . . . . . . . . . . . . 2.2E[10 2.5E[10 2.0E[10 4.7E[14 1.5E[10 2.5E[11 3.1E[12 1.2E[10CH3OH. . . . . . . . 5.0E[10 3.5E[10 7.7E[11 3.2E[11 3.4E[11 4.1E[10 1.7E[11 1.7E[10CH3CHO . . . . . . 9.7E[12 5.7E[13 3.9E[13 1.5E[12 8.2E[13 5.0E[13 9.0E[14 4.3E[13C2H3CN . . . . . . . 3.6E[10 5.8E[10 2.6E[10 1.8E[12 2.0E[12 2.2E[12 4.7E[13 1.4E[11C3H4 . . . . . . . . . . . 2.9E[09 2.0E[09 1.1E[09 2.4E[12 1.3E[10 2.7E[11 1.7E[11 8.3E[11C6H . . . . . . . . . . . . 1.0E[10 9.2E[11 6.7E[11 4.3E[14 8.6E[11 4.1E[12 6.7E[13 2.4E[11HC5N . . . . . . . . . . 7.9E[10 1.9E[09 8.3E[10 4.6E[13 1.2E[10 1.1E[11 7.0E[13 3.9E[11C6H2 . . . . . . . . . . . 4.6E[10 3.5E[11 5.6E[11 2.2E[12 1.5E[10 5.3E[12 3.9E[12 2.1E[11CH3C3N . . . . . . . 9.7E[11 1.8E[10 6.1E[11 9.6E[14 4.2E[12 6.5E[12 5.1E[13 1.4E[11CH3C4H . . . . . . . 1.4E[09 9.4E[10 3.4E[10 3.1E[13 2.3E[11 8.6E[12 4.8E[12 3.2E[11HC7N . . . . . . . . . . 5.6E[11 1.7E[10 8.0E[11 2.1E[14 2.0E[11 4.4E[13 5.1E[14 3.2E[12HC9N . . . . . . . . . . 3.3E[12 8.4E[12 2.9E[12 3.2E[16 2.3E[12 5.5E[15 3.0E[16 6.1E[14HCO` . . . . . . . . . 7.6E[09 2.1E[09 3.7E[09 3.1E[09 4.7E[09 3.0E[09 5.5E[09 3.1E[09
HCS` . . . . . . . . . . 9.1E[12 7.2E[11 1.1E[10 1.0E[12 8.4E[12 2.3E[11 2.3E[11 8.8E[11
N2H` . . . . . . . . . . 6.2E[12 9.0E[11 6.3E[10 8.4E[11 3.5E[10 2.5E[10 8.3E[10 7.0E[10HCNH` . . . . . . . 3.2E[10 3.1E[09 1.9E[09 6.5E[11 3.7E[10 6.3E[10 2.8E[10 1.1E[09
a The reaction network, time, and depletions corresponding to each run are given in Table 6.
The NNNM performs very similarly to the M4M, as can
be observed in The best agreement (70%) occursFigure 4.
for the case of C/O \ 1.2 at a time of 5.6] 105 yr and
common depletion by 5, with those molecules in poor
TABLE 6
DEFINITIONS OF THE RUNS IN TABLE 5
Run Reaction Time C/O
Number Network (yr) Ratio Depletion
1 . . . . . . . . NSM 3.2E5 0.42 1
2 . . . . . . . . NSM 3.2E5 0.80 5
3 . . . . . . . . NSM 1.0E8 0.80 5
4 . . . . . . . . NSM 3.2E5 0.42 5
5 . . . . . . . . M4M 1.8E5 0.42 5
6 . . . . . . . . NNNM 1.0 E5 0.60 5
7 . . . . . . . . NNNM 1.0E8 0.60 5
8 . . . . . . . . NNNM 1.8 E5 1.20 5
agreement being the standard oxygen-containing ones plus
SO. We had hoped that the M4M would lead to better
results than the NNNM, since it does have some particu-
larly destructive neutral-neutral reactions removed (see ° 2),
but the improvement here is negligible, at least from the
standpoint of Nagree/Ntotal.If one compares all three models using the criterion of
molecular production efficiency for complex molecules
(those 28 species in TMC-1 containing four or more atoms),
the picture is slightly di†erent, as shown in Here itFigure 5.
can be seen that, at times of best agreement, which need not
be the same as those depicted in Figures the NSM is2È4,
clearly best, reaching agreement levels close to 90%, while
the M4M is actually worse than the NNNM for high C/O
values. (The picture is reversed for low C/O values, where
the M4M is superior to the NNNM, although the level of
agreement for both is not good.) For C/O\ 1.2, the
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FIG. 10.ÈTime of best agreement plotted vs. C/O for TMC-1 with the
NSM and the assumption of no common depletion of C and O. For some
C/O ratios, there are several best times.
NNNM is in agreement with observations of complex mol-
ecules at the B70% level for common depletions of both 1
and 5. Although this best agreement is still signiÐcantly
worse than that for the NSM, if one believes seriously that a
large number of rapid neutral-neutral reactions must be
included in model calculations, most observed TMC-1
abundancesÈof both simple and complex speciesÈ
possibly can be accounted for reasonably, if not superbly,
well as long as the gas-phase carbon elemental abundance
exceeds that of oxygen.
et al. had found that their M4, whichBettens (1995)
closely resembles our M4M, does produce larger abun-
dances of complex molecules than does the NNNM in the C
and N groups for the standard elemental abundances, but
this does not necessarily lead to better agreement using our
criteria since, among other di†erences, et al.Bettens (1995)
did not regard overproductions as serious. We do Ðnd,
however, that model M4 is signiÐcantly superior to our
model M4M using the molecular production efficiency cri-
terion, proving that including reactions and although(2) (3),
based on sound physical principles, is detrimental.
4.2. L 134N
Since L134N does not have as large abundances of
complex hydrocarbons and cyanopolyynes as does TMC-1,
one expects (1) that the di†erences among the three models
will not be as severe and (2) that increasing the C/O abun-
dance ratio might prove generally less of a help.
The results of the NSM calculations are shown in Figure
With the standard elemental abundances at early time,6.
best agreement (which occurs at a time of 5.6] 105 yr) leads
to a molecular production efficiency of B70%. Further-
more, all species but acetaldehyde have their calculated
abundances within 2 orders of magnitude of the observed
ones. Further depletion of O actually worsens the molecular
production efficiency at the best time, but common deple-
tion of the C and O by a factor of 5 leads to considerably
better agreement for all C/O elemental abundance ratios,
reaching a high of B80% at the best early times for
C/O ¹ 0.60. All six hydrocarbons have abundances within
1 order of magnitude from the observed ones under the
above circumstances. The actual calculated abundances for
C/O \ 0.42 and a common depletion of 5 at the best time of
3.2] 105 yr are listed in in the run 4 column.Table 5
Compared with early times, the calculated molecular pro-
duction efficiencies at steady state are, in general, slightly
worse (see especially at the standard value for C/O.Fig. 6),
Again, a common depletion for C and O of a factor of 5
helps considerably. Molecules that show very poor agree-
ment for a variety of cases include and, less often,CH3CHOand These are saturated stable molecules,SO2 CH3OH.and their underproduction makes them candidates for grain
surface syntheses. In summary, if one allows for global
depletions of C and O, only a weak case can be made for
preferring early time to steady state solutions. Unlike the
case for TMC-1, it is not necessary to assume higher than
standard values of C/O to arrive at reasonable steady state
solutions.
With the M4M and NNNM (see Figs. and the7 8),
general agreement with observation in L134N is equivalent
to that of the NSM at best early times and somewhat worse
than that of the NSM at steady state. Molecular production
efficiencies range from lows of 37% for standard abun-
dances at steady state to a high of B75% for best early
times with a common depletion of 5 and a variety of C/O
ratios. Molecular abundances calculated with the M4M at a
best early time of 1.8] 105 yr, C/O \ 0.42, and common
depletion of 5 are given in in the run 5 column. BestTable 5
early-time and steady state abundances calculated with the
NNNM, C/O \ 0.60, and a common depletion of 5 are
listed in the run 6 and run 7 columns in respec-Table 5,
tively. Finally, best early-time NNNM abundances with C/
O \ 1.20 and a common depletion of 5 are listed in the run
8 column of The production efficiency for L134N,Table 5.
using this last (carbon-rich) run, is greater than the analo-
gous one when the NSM is used, which indicates that
models with rapid neutral-neutral reactions can sometimes
perform better than ones without an extensive set of such
reactions. The most problematic species for the models with
rapid neutral-neutral reactions, even for times and elemen-
tal abundances leading to optimal agreement, are acetal-
dehyde and sulphur dioxide.
Interestingly, the agreement for the molecules in the O
group is not strongly e†ected by the change in the O abun-
dance for any model. Lowering the O abundance mainly
has the e†ect of lowering CO, which is still calculated to be
in agreement with observation.
Comparison among the three models shows quite close
performances in the synthesis of complex molecules, as
depicted in This result is expected because of theFigure 9.
low abundances of truly complex molecules in L134N, so
that it is more difficult to distinguish among the models
than it is in TMC-1. The common depletion of the carbon
and oxygen elemental abundances improves the agreement
for complex molecules (by increasing their production) but
not by a very large amount. In its low abundances of
complex molecules, L134N is perhaps far more representa-
tive of dense cloud cores than is TMC-1 et al.(Caselli 1998),
so that the larger di†erences among the models for TMC-1
should not be regarded as general. If this assertion is
correct, then the negative conclusions about models with
rapid neutral-neutral reactions previously discussed in the
literature are perhaps overly harsh (see, e.g., et al.Herbst
1994).
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5. SUMMARY AND CONCLUSIONS
For some time, gas-phase chemical models of dense inter-
stellar clouds have focused on early times, since if the stan-
dard elemental abundances and initial forms are used in the
models (especially those without extensive lists of rapid
neutral-neutral reactions), calculated abundances of polya-
tomic molecules tend to peak at these times before declining
to their steady state values. If one uses the well-studied dark
cloud TMC-1 as an indicator of the success or failure of
model results, then it is necessary to use early-time results to
achieve a signiÐcant measure of success under the con-
straints utilized. In the last few years, however, this focus on
early time has become less sharp, although it is still gener-
ally true that if one only considers large molecules such as
in a carbon-poor environment, the abundances ofHC9Nsuch species can only be large at early time, since eventual
conversion to CO must result. Although Turner (e.g.,
Lee, & Herbst has for some time preferredTurner, 1998)
steady state models for translucent cloud cores, the deem-
phasis of early-time results for dense cores started with the
experimental results on rapid neutral-neutral reactions at
low temperature, which, when incorporated in a generalized
way into models, worsen the agreement at early time for
TMC-1 et al. et al. Second(Herbst 1994 ; Bettens 1995).
came the result that if one enhances the C/O elemental
abundance ratio in the gas by, say, depleting O prefer-
entially, the time at which the early-time solution occurs
lengthens and moves closer to steady state, while at the
same time actually improving the agreement for a small
sample of molecules in selected giant cloud cores et(Bergin
al. Third came the realization that a general depletion1997).
of material onto dust grains can actually enhance the abun-
dance of the molecule at late times in a model withHC3Ntime-dependent depletion et al. or at steady(Ru†le 1997)
state in a purely gas-phase model et al. suffi-(Caselli 1998)
ciently that it can explain observed values in most if not all
dense cloud cores. The results reported in this paper suggest
in a much more global sense that early-time solutions are
not necessarily superior. By using a variety of reasonable
but di†erent chemical networks, by adopting a global cri-
terion for the success of models, and especially by allowing
wide variations in the gas-phase carbon and oxygen ele-
mental abundances, we have shown that the early-time
paradigm may not be all that general. The actual calculated
abundances for eight di†erent runs with three model net-
works, shown in give a sense of how the variousTable 5,
factors, listed in a†ect the results.Table 6,
For TMC-1, speciÐcally, we have shown that with the
NSM, selective depletion of the element O or common
depletions of 5 for both C and O followed by selective
depletion of O allow some steady state solutions to be as
good in a global sense as the early-time solutions (molecular
production efficiency B80%), although the number of
““ outliers ÏÏ increases. If one uses the models with more
extensive sets of rapid neutral-neutral reactions, a more
modest but still reasonable agreement with observation
(molecular production efficiency B65%È70%) occurs for
C/O elemental abundance ratios equal to or exceeding
unity for a wide variety of times. If one restricts attention to
complex molecules (deÐned here to contain four or more
atoms), the NSM, which works best by a signiÐcant
amount, has its optimum solutions over a wide range of
times. In particular, the best solutions for C/O ratios higher
than the standard value of 0.42 again occur at rather late
times, especially for no general depletions.
For L134N, which may be much more representative of
dense cores than is TMC-1, the di†erences in molecular
production efficiency between the early time and steady
state solutions are signiÐcantly smaller than in TMC-1 for a
wide variety of C/O values, especially with the NSM. In
particular, calculated steady state abundances for low C/O
values (0.60È0.80) and a common depletion of 5 from low
metal values lead to as good a global agreement as can be
achieved at early time (which is also aided by common
depletions of 5). Also, as compared with TMC-1, the di†er-
ences in molecular production efficiency among the models
are smaller, especially as regards complex molecules, so that
it can no longer be stated unequivocally that the e†ect of
rapid neutral-neutral reactions is uniformly negative (see
Indeed, the NNNM reaches better early-time agree-Fig. 9).
ment with L134N than does the NSM when C/Oº 1.
In summary, both the necessity for early-time solutions
and for models without a major component of rapid
neutral-neutral reactions can now be questioned, especially
for dark clouds less rich in complex molecules than TMC-1.
Even for TMC-1, however, a gas-phase rich in carbon with
signiÐcant depletions for both O and C removes the necessi-
ty for early-time solutions.
Finally, some molecules are not produced efficiently
under most circumstances by our gas-phase models. These
are typically the oxygen-containing organic molecules
methanol and acetaldehyde, as well as all of which areSO2,candidates for production on grain surfaces if a low-
temperature nonthermal desorption mechanism can be
found.
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